Small animal imaging has become essential in evaluating new cancer therapies as they 14 are translated from the preclinical to clinical domain. However, preclinical imaging faces 15 unique challenges that emphasize the gap between mouse and man. One example is the 16 difference in breathing patterns and breath-holding ability, which can dramatically affect 17 tumor burden assessment in lung tissue. As part of a co-clinical trial studying 18 3 34 35 36 37 4 56 57
INTRODUCTION
gating makes combined gating unfeasible for the large number of animals and frequent 114 scan schedule required in the co-clinical trial. Consequently, we have used prospective 115 gating to synchronize acquisition with respiration only, in which each projection is 116 triggered when the respiratory signal breaches a user-defined threshold (Fig.1) . Thus, all 117 projections are acquired in the same phase of the respiratory cycle (e.g., end inspiration), 118 which minimizes motion artifacts and blurring in the reconstructions (13). Simulated tumor nodules 127 We have examined the effect of respiratory gating on lung tumor detection and volumetric 128 measurement using simulated nodules inserted into temporally-resolved micro-CT 129 datasets. A C57BL/6 mouse without lung tumors was scanned four times to acquire four 130 different prospectively-gated respiratory phases. Gated image volumes were 131 reconstructed using Feldkamp's algorithm (9) using 360 projections from each respiratory 132 phase and processed with bilateral filtration (14). A lung mask was created for each 133 respiratory phase by thresholding the image to remove bone and soft tissue. The lung 134 mask was dilated and eroded to make the mask internally contiguous. Three manual segmentations of real lung tumors were taken from previous micro-CT 137 image sets for incorporation into the reconstructions (Fig. 2) . To augment this small bank 138 of tumors, they were subjected to transformations involving random rotations and skews 139 in three dimensions, resulting in tumors with a range of sizes (0.03 to 0.28 mm 3 ). 140 Transforming the tumors altered their gray-values and textures. To address this, random 141 high frequency Gaussian noise and Gaussian filtering were applied to the tumor masks 142 to make the augmented tumors statistically like the originals. The augmented tumors were randomly placed within the lung mask of the first respiratory 152 phase. The permitted locations were such that the tumor did not have more than 10% 153 overlap outside the lung-mask or with other tumors. In real data, lung tumors are often 154 along the edges of the lungs and near other tumors. To simulate this property, tumor 155 locations were weighted using the inverse of Euclidian distance to the nearest lung mask 156 boundary (i.e., positions nearest an edge of the mask will be selected with higher 9 159 creating boundaries with high probability for additional tumors. Once all tumors were 160 placed in the volume, the image was forward-projected in cone beam geometry to 161 simulate CT sampling.
163
To simulate non-gated acquisitions, a deformation field was computed for the lungs for and used to calculate the 95% confidence intervals (CI) as follows:
where Y is the measured tumor volume, and wCV is dependent upon the size of Y. (Fig. 4 B) and spatial resolution given by the MTF at 10% is 5.5 line 310 pairs/mm (Fig.4 C) . The NPS measured in the water phantom indicates some structured 311 noise. The noise power decreases significantly at high spatial frequencies (Fig. 4 D) . We 312 also show that with our scanner, the cone beam artifacts are acceptable when using Simulated lung nodules clarify the sensitivity and specificity of tumor detection in 382 micro-CT of mouse lungs with and without respiratory gating. 383 To assess false negative rates and limits of detection, we utilized our lung micro-CT 384 datasets containing simulated tumors which can be compared to a binary label map, or 385 absolute truth (Fig. 7) . Simulated tumor volumes were measured in triplicate on the 386 original binary label map (to quantitate any variance due to segmentation drawing), the 387 non-gated images, and the gated images ( Fig. 8 A) . Precision of repeated volume 
415
Bland-Altman analysis comparing volume measurements from binary label maps with 416 those derived from gated and non-gated acquisitions suggested that both acquisition 417 types resulted in volume measurements of reasonable agreement with the ground truth 418 (Fig. 8 B) . However, the trend seen in the plot of non-gated acquisitions, demonstrated 419 by a linear negative slope, suggests that volume calculations from these images are 420 subject to a tumor size-dependent bias. Specifically in non-gated images, large simulated 421 tumors and small simulated tumors were frequently over-and under-estimated, 422 respectively.
423
Finally, with the availability of ground truth we were able to identify the limitations in improved with the application of gating to 0.97, compared to 0.56 in non-gated images 428 ( Fig. 8 C) . Similarly, the positive predictive value (PPV; precision) of gated images was Datasets including prospectively gated and non-gated images were acquired in five mice.
438
Retrospective images were generated from the non-gated images by selecting 439 projections from a single phase of respiration. First, signal-to-noise (SNR) measurements 440 were taken by selecting ROIs in the liver and empty air surrounding the mouse ( Fig. 9 A) .
441
Prospectively gated and non-gated images demonstrated similar SNRs, with prospective 442 gating being slightly better. Retrospectively gated images showed SNR of approximately 443 half of prospectively gated images ( Fig. 9 B) . This was expected, given that 444 retrospectively gated images although reconstructed using an iterative approach use 445 mostly one fourth of the data, resulting in more noise. Nevertheless, we note that iterative scan time. We note that with more sophisticated reconstruction iterative algorithms, the 543 performance of the retrospectively gated images can be improved (25).
544
Finally, given the impact of successful gating on image quality, we sought to create and 545 implement a "pocket phantom" with which we could assess gating success on a scan-to-546 scan basis. We measured beads contained within the pocket phantom, which moved 547 with the mouse as it breathed, with the same methods used to measure tumors. As was 548 seen with lung lesions, gating improved precision when repeatedly measuring the volume 549 of multiple pellets. The use of these pocket phantoms represents a simple and elegant 550 technique by which users can monitor gating success in vivo. Specifically, these 551 phantoms may be used as internal controls to identify instances of inadequate gating, 552 such as in the case of weak or inconsistent respiratory signal.
553
Overall, we have demonstrated methods for respiratory gating for improving tumor 554 detection and measurement accuracy in the lungs of free-breathing mice. Further, we 555 have provided rigorous assessment of preclinical gating techniques, highlighting the 556 advantages and shortcomings of multiple methods for correcting lung motion in the 557 context of a co-clinical cancer imaging study. 
